Introduction {#sec1}
============

Highly charged single α-helix (SAH) domains are found in a significant fraction (0.2--0.5%) of the human protein database.^[@ref1]^ As previously pointed out,^[@ref2]−[@ref4]^ due to their high contents of charged and polar residues and the scarcity of X-ray structure data for such motifs, they originally were believed to form coiled-coil structures based upon predictions of secondary structure programs. Unlike normal α-helices, which require tertiary interactions (hydrogen bonding, hydrophobic, disulfide, and/or van der Waals) to maintain their helical structure, SAH domains are stabilized by a repeating pattern of four negatively (glutamate, E) and four positively (arginine, R, and/or lysine, K) charged residues that form dynamic intrahelical salt bridges, while the relatively long alkyl side chains of these residues provide stabilizing hydrophobic interactions. This unique, E~4~(R/K)~4~ feature of the peptide sequence can confer a much higher degree of stability across a wide range of temperatures, pH, and ionic strength than seen in, for example, poly-Ala helices.^[@ref5]−[@ref7]^

Although dispersed throughout the human genome, there are just a few examples of SAH domains isolated in solution, including those of caldesmon^[@ref8]^ (∼160 residues) and those from the mechano-enzymes, myosin-VI,^[@ref9]^ myosin-X,^[@ref2]^ and myosin-VIIA.^[@ref10],[@ref11]^ Functionally, within these proteins, the SAH domains are believed to either serve as rigid spacers between protein domains, such as seen in caldesmon, or act as an extension of the lever arms in the myosin family of proteins. The extension of the lever arm is critical in some myosins.^[@ref12]^ The lever arm of the well-studied myosin-V has six calmodulin bound, which allows the two motor domains to simultaneously bind to actin monomers separated by 36 nm that corresponds to the half helical repeat of the actin filament. The lever arm of myosin-VI only has one calmodulin bound, but single molecule stepping studies demonstrate that it can also take steps consistent with a motor domain separation of 36 nm. This observation suggests that the extended SAH domain helps to provide the additional lever arm length in myosin-VI. Charged SAH domains are also encountered as structural elements in otherwise intrinsically disordered proteins such as MFAP1, where they appear to regulate the repeated conformational remodeling of the spliceosome, required for activity of this molecular machine.^[@ref13]^ They can also function as interprotein "interaction motifs", where the distinct electrostatic SAH surface can play an important role, while the degree of intrahelical ER/K stabilization can fine-tune the strength of the intermolecular interaction.^[@ref13]^ The remarkable spring-like properties of charged SAH rods also hold strong potential for applications in protein design and engineering.^[@ref14]−[@ref18]^

Despite extensive biochemical and biophysical studies of SAH domains, atomic level structural characterization of such helices is very sparse. To date, there is only one X-ray structure of an SAH helix in isolation,^[@ref10]^ and very few in the context of larger protein structures or structural complexes. The latter invariably raise the question to what extent the observed helical structures are impacted or stabilized by the lattice environment in which they are observed. For example, the (non-SAH) central helix of calmodulin contains two fully solvent-exposed turns of α-helix in its X-ray structure,^[@ref19]^ whereas in solution this region of the central helix is fully disordered.^[@ref20]^ Solution X-ray scattering (SAXS) experiments on the medial tail domain (MT) of myosin-VI reveal a length of ∼10--15 nm, fully consistent with an SAH structure.^[@ref9],[@ref21]^ Two distinct kinks in this helix, deduced from the SAXS data, correlate with the positions of small hydrophobic patches interrupting the pattern of E~4~(R/K)~4~ residues. However, whereas the SAXS data suggested these kinks to be static, molecular dynamics calculations pointed to transient unfolding of the helical turns comprising these patches.^[@ref22]^

Studies of SAH domains by NMR spectroscopy have proven challenging. The very high contents of Glu, Lys, and Arg residues, all in the α-helical region of Ramachandran space, lead to very poor resonance dispersion and cause many ambiguities in the conventional triple resonance assignment procedure. More than a decade ago, the 35-residue proximal tail region of myosin 10, containing a 26-residue SAH segment, was studied by NMR.^[@ref2]^ However, although the NOEs and chemical shifts clearly indicated a strong α-helical signature for the SAH segment, resonance overlap precluded a residue-specific analysis. Very recently, however, an in-depth study of the myosin-VIIA SAH domain was reported by the same research group,^[@ref11]^ providing strong evidence for the α-helical structure of this element, and, most importantly, providing quantitative information on the dynamic nature of individual salt bridges that are important for its stabilization. Remarkably, the α-helical structure appears not to be disrupted by a five-residue insert near its midpoint that deviates from the canonical ER/K sequence pattern.^[@ref11]^

Here, we present a detailed multinuclear NMR characterization of the structure and dynamics of the 68-residue MT domain of *S. scrofa* (pig) myosin-VI ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A), comprising residues 918--985, which have been shown to adopt an SAH structure.^[@ref9],[@ref21]^ Resonance dispersion of the ^13^C^α^ resonances is found to be particularly poor, as expected on the basis of the sequence composition and high α-helicity of the structure. ^15^N and ^1^H^N^ resonance line widths are much larger than usual for a 68-residue construct because nearly all amide vectors are approximately parallel to the axis of the ∼100-Å helical rod, causing their effective rotational correlation times to be long. However, fairly well-resolved ^1^H--^15^N maps can be obtained through full perdeuteration of the nonexchangeable protons and utilization of the TROSY line-narrowing effect.^[@ref23]^ Use of four-dimensional (4D) ^1^H--^15^N--^15^N--^1^H NOESY spectra at 900 MHz ^1^H frequency then enables full backbone amide resonance assignments. This strategy takes advantage of the α-helical nature of the structure, which gives rise to strong sequential ^1^H^N^--^1^H^N^ NOEs, and allows a straightforward link to the corresponding ^13^C^α^ chemical shifts through standard TROSY-based triple resonance NMR,^[@ref24]^ thereby providing important residue-specific secondary structure information that complements the NOE distance information.

![NMR spectra of myosin-VI E68W MT domain. (A) Sequence of the construct used, with residue types color coded as follows: Arg and Lys in blue; Glu and Asp in red; polar, neutral Gln in black; hydrophobic Ala, Leu, Ile and Met in green; and non-native N- and C-terminal residues in orange. (B) Most crowded region of the regular Rance-Kay HSQC spectrum of perdeuterated, amide-protonated ^15^N-enriched MT,^[@ref72]^ recorded at 900 MHz ^1^H frequency, 20 °C, pH 6.3, 2 mM EDTA, yielding broad resonances. (C) TROSY-HSQC spectrum,^[@ref23]^ recorded under identical conditions.](ja-2019-03116j_0001){#fig1}

With full amide resonance assignments in hand, characterization of individual H-bonds by measurement of their protection against amide proton exchange (HX) with solvent provides direct access to the fraction of time such bonds are present.^[@ref25]^ Although chemical shift dispersion of the aliphatic ^13^C and ^1^H resonances was far too low to permit measurement of sufficient experimental NOE restraints to define the SAH structure by conventional NOE-based methods, a full set of ^1^H^N^--^1^H^N^ NOEs complemented by ^15^N--^1^H^N^, ^15^N--^13^C′, and ^13^C′--^1^H^N^ RDCs could be measured in Pf1 alignment medium and sufficed to define the structure. Moreover, a nearly complete set of ^3^*J*~HNHα~ couplings provided restraints for the φ backbone torsion angles.

Classical ^15^N relaxation analysis is adversely impacted by the near-parallel alignment of the ^15^N--^1^H bond vectors. However, when supplemented by ^13^C-detected ^13^C^α^ relaxation rates, the expected high degree of rotational diffusion anisotropy could be quantified. Importantly, chelation of a lanthanide tag near the N-terminal end of the SAH helix^[@ref26]^ created strong local alignment of the helix relative to the magnetic field. Analogous to the pioneering work of Bertini et al.,^[@ref27]^ the decrease in alignment as a function of distance from the tagging site then provides direct access to the persistence length of the helix. Together, these data provide a detailed characterization of both the structure and the backbone dynamics of the SAH domain embedded in the myosin-VI MT, revealing a highly regular, kink-free helical structure that extends from residue E6 to E62, with only a moderate degree of increased dynamics near the ends of the helix.

Methods {#sec2}
=======

Expression and Purification {#sec2.1}
---------------------------

The cDNA of the native MT domain of *S. scrofa* (pig) myosin-VI, containing the SAH, was fused to the IgG domain B1 of Protein G (GB1) and cloned into the pET24a vector by Genscript (Piscataway, NJ), which subsequently performed site-directed mutagenesis to create MT variants (see below). Specifically, the N-terminus of SAH was spliced to a TEV cleavage site (ENLYFQG) added to the C-terminus of GB1 (GB1-TEV-SAH). To facilitate Ni:NTA purification, the GB1 domain included a 6xHis site at its N-terminus. The GB1-TEV-MT containing vector was transformed into *E. coli* BL21(DE3) cells and grown to an OD of ∼0.7 at 37 °C in M9 medium before induction with 1 mM of IPTG. Expression of the GB1-TEV-MT construct (3 h at 37 °C) was followed by centrifugation at 4000 rpm for 20 min at 4 °C. The cells were then resuspended in 50 mM Tris-HCl, 500 mM NaCl, 20 mM imidazole, pH 7.4, including cOmplete Roche protease inhibitor cocktail (Buffer A), and passed once through an Avestin Emulsiflex C3 homogenizer (ATA Scientific; Taren Point, Australia). The resulting lysate was then centrifuged for 1 h at 20 000 rpm and 4 °C. Next, the supernatant was filtered through a 0.22 mm filter before passage through a 5 mL GE His-trap column, equilibrated with buffer A, and eluted using a step gradient of 3% and 30% buffer B (buffer A plus 1 M imidazole), respectively. Fractions containing GB1-TEV-MT were collected and, if needed, concentrated to a volume of ∼5--7 mL before injection onto a Superdex 26/60 G75 column equilibrated with 25 mM Tris-HCl, 100 mM NaCl, 0.5 mM EDTA/TCEP, pH 8. To isolate the MT domain, TEV protease was added to the combined GB1-TEV-SAH fractions at a TEV:protein ratio of 1:50. After the reaction mixture was left for ∼16--18 h at room temperature, it was passed again through a 5 mL GE His-trap column using the aforementioned protocol. Purified MT was obtained in the flow-through. For NMR experiments, the MT domain was concentrated and buffer-exchanged into the buffers noted in the text. The construct used for our NMR studies has the following sequence, G K^1^QQEEEAERL RRIQEEMEKE RKRREEDEQR RRKEEEERRM KLEMEAKRKQ EEEERKKRED DEKRIQAE/W, where K^1^ corresponds to K^917^ in *S. scrofa* (pig) myosin-VI, which differs from *H. sapiens* by a K945Q substitution. The non-native N-terminal Gly is a remnant of the TEV cleavage sequence, and the C-terminal Glu was substituted by Trp during later stages of the project to facilitate quantification by optical density. The total mass of the polypeptide, assuming natural isotopic abundance, is 8972 Da (9029 Da for E68W).

For generating the requisite ^15^N-, ^13^C-, and ^2^H-isotopically enriched samples, ^15^N-ammonium chloride, ^2^H/^13^C [d]{.smallcaps}-glucose, or ^2^H [d]{.smallcaps}-glucose were used as the sole sources of nitrogen, carbon, and hydrogen. Additionally, for generating perdeuterated sample, deuterium oxide (99% D~2~O, Cambridge Isotope Laboratories, Boston, MA) was used in place of H~2~O in the expression medium and supplemented with 1 g/L of ISOGRO of the desired isotopic composition (Sigma-Aldrich).

For tagging MT with 4*R*,4*S*-DOTA-M8, loaded with either thulium (Tm) or lutetium (Lu), purified I13C MT domain was buffer-exchanged into 100 mM Tris-HCl pH 7.8 using a PD10 G25 column (GE Healthcare). The concentration of MT, post-PD10, was ∼20 μM. Immediately after buffer exchange, ∼20-fold molar excess of 4*R*,4*S*-DOTA-M8-Lu/Tm was added to the MT domain solution. The reaction mixture was then incubated for ∼18--20 h at room temperature before it was passed twice through a PD10 column to remove excess tag and exchange to NMR buffer. Liquid chromatography--electrospray ionization--mass spectrometry (LC--ESI--MS) was used to verify the identify and purity of the I13C MT-DOTA-Lu/Tm. No impurities or unlabeled I13C MT were observed in this LC--ESI--MS analysis.

Circular Dichroism Measurements {#sec2.2}
-------------------------------

CD spectra were recorded in 20 mM sodium phosphate buffer, 2 mM EDTA, pH 6.3, on a JASCO J-810 spectropolarimeter using a 0.1 cm path length quartz cuvette. Thermal melt experiments were carried out by recording the CD signal at 222 nm as a function of increasing temperature from 0 to 80 °C at 0.5 °C/min. Using the CD spectra from 190--260 nm, the α-helical content was derived using the CDNN program.^[@ref28]^

Backbone Assignment Experiments {#sec2.3}
-------------------------------

All experiments used for backbone assignments were in 20 mM sodium phosphate buffer, 2 mM EDTA, pH = 6.3, 20 °C. The 4D ^1^H--^15^N--^15^N--^1^H HMQC-NOESY-TROSY-HSQC spectrum was pivotal in the assignment procedure and was carried out on a 900-MHz Bruker Avance-III spectrometer equipped with a z-gradient TCI cryogenic probe, on a 1 mM solution of ^2^H/^15^N MT in 92% H~2~O, 8% D~2~O, and assignments of the TROSY-HSQC spectrum subsequently were transferred to different conditions mostly by stepwise titration. To generate sufficient spectral resolution in the available measurement time (2.5 days), nonuniform sampling was employed,^[@ref29]^ with acquisition times of 39.7 ms (^1^H,*t*~1~), 38.4 ms (^15^N,*t*~2~), 128 ms (^15^N,*t*~3~), and 170 ms (^1^H,*t*~4~), with a sparsity of 0.49% prior to extension of the time domain data. A total of four scans per FID was used to permit phase cycling for axial peak suppression. Spectral reconstruction was carried out with the SMILE program,^[@ref30]^ yielding a final digital resolution of 6.7 Hz (^1^H,F~1~), 7.1 Hz (^15^N,F~2~), 1.6 Hz (^15^N,F~3~), and 2.2 Hz (^1^H,F~4~). Additionally, a 3D TROSY-HNCACB spectrum was recorded at 700 MHz ^1^H frequency on a 1 mM sample of ^2^H/^15^N/^13^C MT. All data were processed using NMRPipe,^[@ref31]^ and assignments were made by means of analysis software included with NMRPipe, principally scroll.tcl and NMRDraw.

Backbone Dynamics {#sec2.4}
-----------------

Heteronuclear TROSY-based relaxation experiments using previously described pulse sequences^[@ref32]^ were carried at 600 and 800 MHz ^1^H frequency on a 1 mM solution of ^2^H/^15^N MT at 20 °C, to obtain ^15^N longitudinal (*R*~1~), transverse (*R*~1ρ~), and heteronuclear ^15^N{^1^H} NOE relaxation data. *R*~1ρ~ measurements were carried out using a spin-lock field strength of 2.5 kHz (calibrated according to the power level needed to obtain a 100 μs 90° pulse width), and reported values were corrected for off-resonance effects using *R*~1ρ~ = (*R*~1ρ~′ -- sin^2^ φ*R*~1~)/cos^2^ φ, where *R*~1ρ~′ is the experimentally measured value, *R*~1ρ~ is the on-resonance value, and φ = tan^--1^(δ/ν~RF~), with δ being the resonance offset and ν~RF~ the strength of the spin lock field, both in units of Hz.^[@ref33]^ Analysis of the relaxation data was carried out using the Modelfree4 program,^[@ref34]^ downloaded from the NYSBC Web site ([www.NYSBC.org](www.NYSBC.org)).

^3^*J*~HNHα~ Measurement {#sec2.5}
------------------------

Residue-specific values for ^3^*J*~HNHα~ were obtained at 35 °C and 900 MHz from a fully protonated, ^15^N-enriched sample (1 mM) of MT. Two ARTSY-J experiments^[@ref35]^ were carried out, using ^3^*J*~HNHα~ dephasing durations, τ~d~, of 30 and 50 ms. Using the relation ^3^*J*~HNHα~ = (1 + 0.206*R*~1α~τ~d~)*J*~apparent~,^[@ref35]^ comparison of the two sets of *J*~apparent~ values ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03116/suppl_file/ja9b03116_si_001.pdf)) yielded *R*~1α~ = 5.7 s^--1^. Values reported here ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03116/suppl_file/ja9b03116_si_001.pdf)) include the correction relative to the values measured for τ~d~ = 30 ms, and are 3.5% larger than *J*~apparent~ at τ~d~ = 30 ms.

Hydrogen Exchange {#sec2.6}
-----------------

HX rates were measured at 900 MHz ^1^H frequency at both 20 and 30 °C, using a 1 mM sample of perdeuterated, ^15^N-enriched MT sample in 95% H~2~O, 5% D~2~O, 25 mM sodium phosphate buffer, pH 7.8. Rates were measured using the WEX-III TROSY experiment,^[@ref36]^ using acquisition durations of 155 ms (*t*~1~, ^15^N) and 122 ms (*t*~2~, ^1^H^N^), and seven durations for the water inversion interval, ranging from 5 ms to 1 s.

Residual Dipolar Couplings {#sec2.7}
--------------------------

RDCs were measured under various different alignment conditions. Two sets were collected where the MT alignment was induced by immersing it in a dilute liquid crystalline suspension of Pf1, purchased from ASLA Biotech, Riga, Latvia. The first sample contained 13 mg/mL Pf1 in 25 mM sodium phosphate buffer, pH 6.3, 2 mM EDTA; the second sample contained an additional 100 mM NaCl. Pf1 was purchased as a concentrated stock solution, which due to its high viscosity made precise pipetting challenging. Reported Pf1 sample concentrations therefore were derived from the observed ^2^H lock solvent splitting, using the approximation that a lock splitting of *p* Hz corresponds to *p* mg/mL Pf1.^[@ref37]^ A third set of RDCs was acquired using paramagnetic alignment, in a solution containing 25 mM sodium phosphate buffer, pH 6.3, 2 mM EDTA. This latter set required generation of two samples, with either a paramagnetic (Tm) or diamagnetic (Lu) lanthanide chelated to a DOTA-M8 metal-binding tag, engineered and kindly provided to us by Dr. D. Haussinger.^[@ref26]^ The DOTA-M8 was attached to Cys-13 of a I13C mutant of the MT construct. For all samples, ^1^H--^15^N RDCs were obtained at 900 MHz ^1^H frequency using the ARTSY experiment,^[@ref38]^ which derives the RDCs from intensity ratios in two TROSY-HSQC spectra, recorded in an interleaved manner. Additionally, for the sample with added salt, one-bond ^13^C′--^15^N and two-bond ^13^C′--^1^H^N^ RDCs were derived from the difference in splitting observed between two 900 MHz E.COSY-HSQC-TROSY spectra,^[@ref39]^ recorded with and without Pf1 on a uniformly ^15^N/^13^C/^2^H-MT sample.

Results {#sec3}
=======

Resonance Assignment and Secondary Structure {#sec3.1}
--------------------------------------------

The highly repetitive MT sequence ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A) and its very high fraction (72%) of Arg, Glu, and Lys residues, which have nearly the same random coil chemical shifts, and therefore very similar ^13^C^α^ chemical shifts when embedded in α-helical secondary structure, caused numerous ambiguities when following the conventional triple resonance assignment protocol. Moreover, we observed rapid transverse relaxation of both the amide ^1^H and the ^15^N resonances, much faster than anticipated for the small size of the MT domain studied here (69 residues), resulting in broad, weak resonances ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B). The rapid transverse relaxation results from the high anisotropy of MT's rotational diffusion tensor, where the amide vectors are aligned approximately parallel to the helical axis and thereby experience the slowest rotational diffusion.^[@ref11]^ However, TROSY-HSQC measurements carried out at 900 MHz dramatically improve the attainable spectral resolution ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C) and remove the large variation in intensities that results from modest fractional differences in transverse relaxation rates. The anticipated high helicity of the MT domain^[@ref22]^ (\>90% based on CD measurements; [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03116/suppl_file/ja9b03116_si_001.pdf)) resulted in relatively strong and quite uniform sequential amide--amide NOE connectivities, *d*~NN~. This feature, combined with improved resolution attained through TROSY detection and the use of nonuniform sampling (NUS), enabled the recording of highly resolved 4D amide--amide NOESY spectra on a perdeuterated, amide-protonated sample ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), which in addition to strong sequential, *d*~NN~(*i*,*i* ± 1), connectivities also showed numerous weaker *d*~NN~(*i*,*i* ± 2) and even *d*~NN~(*i*,*i* ± 3) NOEs, permitting straightforward and unambiguous linking of all amides throughout the entire helical section of the MT construct. Assignments of the most N- and C-terminal residues were confirmed by recording a TROSY-HNCACB spectrum, which also yielded ^13^C^α^ and some ^13^C^β^ chemical shifts. Large secondary ^13^C^α^ chemical shifts confirm the uniformity of the helical structure of the MT domain, with a gradual reduction in secondary chemical shifts toward the termini of the MT domain, indicative of increased helical fraying ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A).

![Depiction of the residue assignment protocol for the MT domain using a 4D amide--amide HMQC-NOESY-TROSY-HSQC spectrum (900 MHz; 250 ms NOE mixing time; 20 °C), recorded with nonuniform (0.49% sparsity) sampling. (A) Projection of the 4D spectrum on the (F~3~, F~4~) TROSY-HSQC plane. The chemical shift scales have been adjusted to make them consistent with the HSQC cross sections by adjustment for the ^1^*J*~NH~/2 displacement of cross peak positions in TROSY-HSQC spectra. (B,C) Two-dimensional (F~1~, F~2~) cross sections, orthogonal to the (F~3~, F~4~) planes, at the chemical shift positions of the amide resonances of (B) E34, marked by the red cross hairs, and (C) E35, marked by the blue cross hairs. Cross peaks to *i* ± 1 and *i* ± 2 are marked by residue type and number. E34 in (B) also displays a weak cross peak with *i* -- 3 residue R31.](ja-2019-03116j_0002){#fig2}

![Residue-specific NMR parameters reporting on secondary structure of MT. (A) ^13^C^α^ secondary chemical shifts. Secondary chemical shifts are relative to the Poulsen random coil values,^[@ref73]^ corrected for the effect of deuteration.^[@ref74]^ (B) ^3^*J*~HNHα~ couplings measured at 35 °C. Values were measured at 900 MHz ^1^H frequency using the ARTSY-J experiment, and corrected for the effect of *R*~1~(H^α^).^[@ref35]^ The secondary chemical shifts and ^3^*J*~HNHα~ were measured at 35 °C, for a construct that includes E68.](ja-2019-03116j_0003){#fig3}

Despite the rather fast transverse relaxation of the ^1^H^N^ resonances, even in TROSY-type spectra, and the small values of ^3^*J*~HNHα~ couplings in helical structure, reliable values for this coupling were measured at 35 °C using the recently introduced ARTSY-J experiment.^[@ref35]^ This experiment relies on the comparison of the amide signal TROSY intensity in the presence and absence of ^3^*J*~HNHα~ dephasing. The measurement was carried out for dephasing durations of 30 and 50 ms, yielding very close agreement between the two sets of data ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03116/suppl_file/ja9b03116_si_001.pdf)). These ^3^*J*~HNHα~ values ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B) are highly consistent with the corresponding secondary ^13^C^α^ chemical shifts and confirm the uninterrupted helical structure of the MT domain, explaining the exceptionally high mean residue ellipticity at 222 nm of ca. −3500 deg·cm^2^/dmol at 20 °C ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03116/suppl_file/ja9b03116_si_001.pdf)).

Structure of MT {#sec3.2}
---------------

While initially the MT domain of myosin-VI was believed to be a dimeric coiled coil,^[@ref40],[@ref41]^ its monomeric nature was subsequently established by multiple-angle light scattering.^[@ref9]^ Indeed, indistinguishable resonance positions and line widths in our TROSY-HSQC spectra recorded at concentrations of 10 μM to 1 mM do not show any sign of intermolecular interactions ([Figure S3A](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03116/suppl_file/ja9b03116_si_001.pdf)). With the uninterrupted α-helical structure of MT firmly established from ^13^C^α^ chemical shifts and ^3^*J*~HNHα~ couplings, RDCs provide a unique and unambiguous route to study the global structure of the MT domain and probe for the presence of potential bends or kinks.

As anticipated, alignment of the highly charged MT domain in a liquid crystalline suspension of filamentous bacteriophage, Pf1, is impacted by its extreme deviation from spherical shape, which results in strong steric alignment. Additionally, the alignment is impacted by electrostatic interaction with the highly negatively charged Pf1 phage. This latter interaction can be reduced by increasing the ionic strength of the buffer, and measurements therefore were carried out at both our standard condition (20 mM sodium phosphate, 2 mM EDTA, pH 6.3) and the same buffer with addition of 100 mM NaCl. SAH domains are known to be little impacted by ionic strength at salt concentrations below ca. 1 M.^[@ref4]^ Indeed, the NMR spectrum is minimally affected by the addition of 100 mM NaCl ([Figure S3B](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03116/suppl_file/ja9b03116_si_001.pdf)), confirming that the structure is not altered within our detection limits, while making the spectrum more amenable to measuring RDCs at high precision.

Measurement of ^1^*D*~NH~ RDCs in 13 mg/mL Pf1 shows considerably larger couplings in the sample containing the additional 100 mM NaCl than the measurement in standard buffer, confirming that the MT alignment is impacted by both steric and electrostatic interactions with the filamentous phage. In the sample containing 100 mM NaCl, the sinusoidal oscillation in the size of the RDC, commonly referred to as a dipolar wave pattern,^[@ref42]^ is of small amplitude and nearly vanishes for the center region (E28-E37; [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A), as expected when the helical axis becomes nearly coincident with the symmetry axis of a (nearly) axially symmetric alignment tensor ([Supporting Information text](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03116/suppl_file/ja9b03116_si_001.pdf)). In fact, the small amplitudes of the dipolar wave oscillations on both the N- and the C-terminal sides of this center region already foreshadow that the helix axis does not contain any substantial kinks or bends. In the absence of the additional salt, the alignment of the MT domain is somewhat weaker, and the center of the helix orients at a small angle (of ca. 18°) relative to the *z*-axis of the now slightly more rhombic alignment tensor ([Table S8](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03116/suppl_file/ja9b03116_si_001.pdf)). In the presence of salt, alignment was sufficiently strong to permit measurement of the smaller ^1^*D*~C′N~ and ^2^*D*~C′H~ RDCs, in addition to ^1^*D*~NH~. The relative precision at which these smaller couplings can be measured from a HSQC-TROSY-E.COSY spectrum^[@ref39]^ is somewhat lower than that for ^1^*D*~NH~ RDCs ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B,C), but nevertheless these couplings serve as important complements to ^1^*D*~NH~ as they strongly increase the width of the orientational distribution of the sampled RDC vectors.

![Measurement of RDCs at 900 MHz, 20 °C. (A) ^1^*D*~NH~ values measured in the presence of 13 mg/mL Pf1 in 20 mM sodium phosphate, 2 mM EDTA, pH 6.3 (black), and upon addition of 100 mM NaCl (red) on a 1 mM sample of perdeuterated ^15^N/^13^C enriched MT. Plotted values ignore the negative sign of γ(^15^N); i.e., the plotted negative values correspond to \|^1^*J*~NH~ + ^1^*D*~NH~\| splittings smaller than 90 Hz. (B,C) Small regions of the TROSY-HSQC-E.COSY spectra on (B) the isotropic and (C) the aligned sample, illustrating the measurement of ^1^*D*~NC′~ and ^2^*D*~C′H~ couplings in the sample containing 100 mM NaCl. RDCs are listed in [Table S2](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03116/suppl_file/ja9b03116_si_001.pdf).](ja-2019-03116j_0004){#fig4}

With a *Q*-factor of 21%, the RDCs of residues E6-K63 fit quite well to an idealized α-helical structure ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A), but deviations exceed the errors in the RDC measurements by at least 2-fold, meaning that some deviations from an ideal α-helix are present.

![Results of SVD fits of experimental RDCs to an idealized α-helical structure with backbone torsion angles of φ = −62.5°, ψ = −42.5°, ω = 180°. Only the RDCs for residues E6--R63 were used to carry out the fit, but the correlation is shown for all observed couplings. ^1^*D*~NC′~ and ^2^*D*~C′H~ were upscaled by multiplication with the inverse of the respective dipolar interaction constants (2609 and 6962 Hz)^[@ref75]^ relative to ^1^*D*~NH~ (21 585 Hz), ignoring the effect of the sign of the ^15^N gyromagnetic ratio on the RDC, thereby ensuring that normalized RDCs of the same value correspond to the same orientational restraint. Thus, the uniformly negative values of ^1^*D*~NH~ in the plot correspond to \|^1^*J*~NH~ + ^1^*D*~NH~\| \< 92 Hz. RDCs were measured in the presence of 13 mg/mL Pf1, 100 mM NaCl, except for the light red ^1^*D*~NH~ values (no NaCl). (A) SVD fit of the RDCs (scaled for the interaction constants). (B) SVD fit of the RDCs after correction for the variation in ^15^N *R*~2~ value, as discussed in the text, to (B) the idealized α-helical structure and (C) the XPLOR-NIH structure, refined with the *R*~2~*-*corrected RDCs. (D) Two orthogonal views of the refined structure, with the backbone displayed as a ribbon diagram, and the corresponding alignment frames depicted next to them (top, no NaCl; bottom, with 100 mM NaCl); side chains are shown in full atom representation, but are restrained solely by the empirical force field terms (tDB and eefxpot) in the XPLOR-NIH^[@ref48]^ structure calculation. Glu and Asp are in red; Lys and Arg in blue; and gray for all other residues. Salt bridges and H-bonds between the side chains are drawn as thick lines.](ja-2019-03116j_0005){#fig5}

It is well recognized that RDCs are impacted by internal motions,^[@ref43],[@ref44]^ a fact that has been exploited extensively to quantify the amplitude and direction of internal motions, integrated over time scales ranging from pico- to microseconds.^[@ref45]^ For moderate amplitude isotropic internal motion, the experimentally detected RDCs, to first order, scale with the size of the generalized local order parameter ***S***. In the absence of slower, micro- or millisecond internal motions, as applies for MT (vide infra), ***S*** is equivalent to the square root of the Lipari--Szabo^[@ref46]^ generalized order parameter, ***S***^2^, commonly extracted from ^15^N relaxation analysis.

Although for globular proteins, the amplitude of internal motions across residues involved in secondary structure is relatively uniform, and correction for the amplitude of motions in the calculation of an accurate, time-averaged structure is not needed, for the MT domain the situation is somewhat more complex. As discussed below, ^15^N *R*~2~ rates monotonically decrease when approaching the ends of the helical domain, indicative of increased amplitudes of motion. To first order, ^15^N *R*~2~ equals ***S***^2^ × *J*(0), where *J*(0) is the spectral density at zero frequency. The possibility that this decrease could be caused by a gradual bending of the helix relative to an approximately axially symmetric rotational diffusion tensor is excluded by the consideration that ^15^N--^1^H vectors are pointing away from the helical axis by about 14°. Therefore, a bending of the helix axis would cause a modulation of the ^15^N--^1^H angle, as a function of residue number, relative to the diffusion tensor, and thereby introduce a periodic oscillation of *J*(0), which is contrary to observation (vide infra).

We therefore make a first-order correction by scaling all RDCs observed for residue *i* by the square root of *R*~2~(center)/*R*~2~(*i*), where *R*~2~(center) equals the average ^15^N *R*~2~ rate for the center 15 residues (residues E28--L42). Importantly, this correction of the RDCs for the effect of internal dynamics results in improved fits of these scaled RDCs to an idealized α-helix ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B), as well as improved cross validation statistics for a structure derived de novo from RDCs, in particular for residues near the ends of the SAH domain ([Table S3](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03116/suppl_file/ja9b03116_si_001.pdf)).

Together with the information derived from hydrogen exchange measurements (vide infra) that the amides of A7--I65 are engaged in α-helical H-bonds, allowing the use of an empirical potential-of-mean-force (PMF),^[@ref47]^ these scaled RDCs then serve as the primary restraints in a calculation of the structure using the XPLOR-NIH program.^[@ref48]^ As expected, the resulting structure is highly regular, lacks any significant kinks, and only shows a very minor degree of bending along its ca. 90 Å long axis ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}D). With a *Q*~free~ of 12.9%, agreement between the observed and best-fitted RDCs to this "static" structure ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C) is remarkably good ([Table S3](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03116/suppl_file/ja9b03116_si_001.pdf)). It is worth pointing out that this *Q*~free~ factor is a true cross validation measure: Four sets of structures were calculated, leaving out all RDCs for residues *m* + *n* × 4, with *m* = 5, 6, 7, or 8, and *n* = 0, .., 14. *Q*~free~ values were then calculated on the basis of the differences between observed RDCs and those not used in each of the four sets of structures, while using the alignment tensor parameters obtained for a structure where all RDCs were included. Slightly lower (i.e., better) *Q*~free~ values can be obtained by randomly, cyclically omitting a smaller fraction of the RDCs.^[@ref49]^ However, with four RDCs per peptide group of fixed, planar covalent geometry, the issue of whether the obtained Q value then represents a true cross validation statistic can be debated, and we therefore opted against this latter approach and chose to use the more challenging statistic.

As mentioned above and discussed in more detail below, our finding that, on average, the helical axis is nearly straight does not mean that it does not undergo substantial time-dependent deviations from this average. Below, we first discuss the amplitude of local internal backbone dynamics, followed by a discussion of the impact of such motions on the persistence length of the helix.

Relaxation-Derived Backbone Dynamics of MT {#sec3.3}
------------------------------------------

The amplitude and time scale of internal backbone motions are first evaluated by standard analysis of ^15^N *R*~1~, *R*~2~, and ^15^N{^1^H} NOE relaxation rates measured at 800 and 600 MHz ^1^H frequency (18.8 and 14.1 T, respectively) while accounting for anisotropic rotational diffusion.^[@ref50],[@ref51]^ Near the midpoint of the MT domain, its *R*~1~ rates at 18.8 T are low and approach 0.5 s^--1^, while, at a value of ca. 40 s^--1^, the *R*~2~ rates are exceptionally high for a construct of only 69 residues. A plot of the *R*~1ρ~ rates measured at 18.8 T against the 14.1 T values yields a straight line with a slope of 1.19 and no significant outliers ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03116/suppl_file/ja9b03116_si_001.pdf)). This slope is very close to the ratio expected for a process dominated by *J*(0) spectral density, a field-independent dipolar interaction constant of 21.6 kHz, and a ^15^N chemical shift anisotropy of 170 ppm. This result therefore excludes the presence of significant exchange contributions, *R*~ex~, to the observed transverse relaxation rates. We note that a spherically shaped protein with a volume equal to that of the MT domain (ca. 10 nm^3^) with an additional 0.3 nm layer to account for surface hydrogens and the hydration layer^[@ref52],[@ref53]^ has a calculated overall correlation time of about 6 ns at 20 °C, and *R*~2~/*R*~1~ ratios of 4.4 and 6.9 at 600 and 800 MHz, respectively. The *R*~2~/*R*~1~ ratios of MT are more than 10 times larger, foreshadowing that its overall diffusion is highly anisotropic.^[@ref50],[@ref51]^

Unfortunately, the very narrow orientational distribution of N--H vectors within a single, nearly straight helix is insufficient to determine the anisotropy of a rotational diffusion tensor,^[@ref54]^ and we therefore first aim to measure the ^13^C^α^ relaxation rates and ^13^C^α^--{^1^H^α^} NOE values in a fully protonated, ^13^C/^15^N-labeled MT sample. The ^13^C^α^--^1^H^α^ vectors make an angle of ca. 65° with the helix axis, and therefore ^13^C^α^ relaxation is dominated by rotation of MT around its long axis, that is, by the *D*~∥~ component of the diffusion tensor. This contrasts with ^15^N *R*~2~ relaxation, which is dominated by *D*~⊥~.

Site-specific measurements of ^13^C^α^ relaxation rates, which, at least in principle, could be carried out by transfer of ^13^C^α^ magnetization via ^13^C′ to ^15^N, followed by amide ^1^H detection, are challenging for the MT domain due to the fast transverse relaxation of ^13^C′, yielding low sensitivity. Instead, we resorted to direct ^13^C observation, where the ^13^C^α^ resonances of the helical Glu, Lys, and Arg residues are completely overlapped ([Figure S5A](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03116/suppl_file/ja9b03116_si_001.pdf)). The intense, downfield shoulder of this unresolved cluster of resonances has the largest secondary ^13^C^α^ chemical shifts and therefore is representative of the most ordered residues in the MT helix. Indeed, its *R*~1~ (1.4 s^--1^) and *R*~2~ (38 s^--1^) values ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03116/suppl_file/ja9b03116_si_001.pdf)) are consistent with rapid reorientation of the ^13^C^α^--^1^H^α^ vector. Considering that *R*~2~ rates in proteins are dominated by *J*(0) spectral density and that the prefactor from the one-bond dipolar interaction combined with the effect of chemical shift anisotropy is about 3.5-fold larger for ^13^C^α^ than for ^15^N, for isotropic diffusion one would expect *R*~2~(^13^C^α^) ≈ 3.5 × *R*~2~(^15^N) ≈ 120 s^--1^ instead of the observed, more than 3-fold lower value, pointing to extreme rotational diffusion anisotropy.

To quantify the rotational diffusion anisotropy, we first carried out a modelfree^[@ref46]^ analysis of the center section of the MT domain, whose RDCs were least impacted by internal dynamics and whose structure is precisely known from the above RDC analysis.

Relaxation data analysis was carried out using the Modelfree4 software package,^[@ref34]^ which permits restriction of diffusion tensor anisotropy values, ρ = *D*~∥~/*D*~⊥~, or fixation of the mean correlation time, τ~m~ = 1/(2*D*~∥~ + 4*D*~⊥~). A systematic search for the applicable rotational diffusion tensor was carried out using the relaxation rates of the most ordered, center part of the MT domain (residues E28--L42). Perhaps surprisingly, this search reveals that there is a substantial range of ρ and τ~m~ combinations that can fit the ^15^N and ^13^C^α^ relaxation rates to within experimental error ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A), with a shallow minimum centered near ρ = 10.5, τ~m~ = 9 ns, but the entire blue region of the plot satisfies the relaxation data well within experimental error. These ρ and τ~m~ values are in agreement with results of hydrodynamic calculations for a straight α-helix of 60 residues (90 Å) in length and a radius of 6 Å, where the radius has been derived assuming a protein density of 1.4 g/cm^3^. Adding the standard 3 Å surface layer to account for the sum of the "bare-atom" correction and the hydration surface layer,^[@ref52]^ this yields a hydrated cylinder of 96 Å in length and 18 Å in diameter ([Supporting Information text](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03116/suppl_file/ja9b03116_si_001.pdf)). Hydrodynamic modeling calculations by Garcia de la Torre and Bloomfield^[@ref53],[@ref55]^ then yield a τ~m~ value of 10.3 ns, and a diffusion anisotropy ρ = 7.6, fully consistent with those obtained by the Modelfree4 fit^[@ref34]^ to our experimental data.

![Analysis of MT backbone dynamics from ^15^N relaxation data using the Modelfree4 program.^[@ref34]^ (A) Grid search over the mean rotational correlation time τ~m~ and the diffusion anisotropy ρ = *D*~∥~/*D*~⊥~ for the minimum normalized χ^2^ = {Σ~*n*=28,\...,42~\[(*R*~1,*n*~^800,obs^ -- *R*~1,*n*~^800,fit^)\]^2^/ε~1~^2^ + (*R*~1,*n*~^600,obs^ -- *R*~1,*n*~^600,fit^)^2^/ε~1~^2^ + (*R*~2,*n*~^800,obs^ -- *R*~2,*n*~^800,fit^)^2^/ε~2~^2^ + (*R*~2,*n*~^600,obs^ -- *R*~2,*n*~^600,fit^)^2^/ε~2~^2^ + (NOE~*n*~^600,obs^ -- NOE~*n*~^600,fit^)^2^/ε~3~^2^ + (*R*~1,C~^600,obs^ -- *R*~1,C~^600,fit^)^2^/ε~4~^2^ + (*R*~2,C~^600,obs^ -- *R*~2,C~^600,fit^)^2^/ε~5~^2^ + (NOE~C~^600,obs^ -- NOE~C~^600,fit^)^2^/ε~6~^2^}/*N* function when fitting the relaxation rates of residues *n* = 28--42 to the simple modelfree formalism with axially symmetric overall diffusion, using the coordinates of the RDC-refined MT domain. *R*~1,*n*~, *R*~2,*n*~, and NOE~*n*~ refer to the longitudinal and transverse ^15^N relaxation rates of residue *n*, and its ^15^N{^1^H} NOE, whereas *R*~1,C~, *R*~2,C~, and NOE~C~ are the corresponding average rates measured for the overlapping group of E/R/K/Q residues in [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03116/suppl_file/ja9b03116_si_001.pdf) and include the entire helix. *N* corresponds to the total number of fitted experimental constraints, and the colors correspond to log(χ^2^). Uncertainties in the experimental *R*~1~ rates (ε~1~) and *R*~2~ rates (ε~2~) were estimated to be 3% of their measured values; the error in the NOE was ε~1~ = 0.03 based on the signal-to-noise in the acquired spectra, and ^13^C errors were estimated at ε~4~ = 0.03 s^--1^, ε~5~ = 1 s^--1^, and ε~6~ = 0.01. The blue region of the plot marks the range of τ~m~ and ρ where the data can be fit to within their experimental uncertainty (log(χ^2^) ≤ 0). (B--D) Agreement between experimental (B) *R*~1~, (C) *R*~2~, and (D) ^15^N{^1^H} NOE data (black symbols, 600 MHz; red symbols, 800 MHz) and corresponding values predicted by Modelfree (solid blue lines) when using τ~m~ = 10.3 ns; ρ = 7.6 (position X in panel A), and the fitted residue-specific order parameters ***S***^2^ (E) and internal correlation times τ~e~ (F) obtained by Modelfree4.](ja-2019-03116j_0006){#fig6}

With the global diffusion tensor established above, the full set of relaxation rates derived for the entire MT construct was used to evaluate the amplitude and time scales of motions within the frame of this diffusion tensor. We found that the "simple modelfree" fitting,^[@ref46]^ that is, ascribing a single time scale to the internal motions, can adequately fit the experimental data ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B--D). Near the middle of the MT domain, the fitting results yielded ***S***^2^ values that exceed 0.9 ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}E), and therefore are comparable to what is found in well-structured globular proteins. When moving closer to the N- and C-termini of the helix, a gradual decrease in ***S***^2^ is observed, consistent with somewhat smaller RDCs, discussed above. The effective correlation times for the internal motions derived by Modelfree4, ca. 1 ns ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}F), are considerably longer than the typical values of 50--100 ps seen in globular proteins. We interpret such motions as undulations in the straightness of the helical rod, with the amplitude relative to the inertia frame naturally increasing (i.e., decreasing ***S***^2^) when approaching the ends of the helix. Such motions clearly are expected to span a range of time scales, but as stipulated in the modelfree approach,^[@ref46]^ a distribution of these times cannot be extracted uniquely from the available experimental data and therefore is substituted by a single effective value. The amplitudes of the fluctuations of the N--H vector orientations, reflected in ***S***^2^, in this analysis can be interpreted as resulting from local fluctuations in the orientation of the helix axis relative to its average, nearly straight structure. If interpreting this motion as diffusion in a cone of half angle θ~0~, ***S***^2^ ≈ 0.6 values near the ends of the helix correspond to ***S*** ≈ 0.775, or θ~0~ ≈ 33°.

Rotational Diffusion from ^1^H--^1^H NOE {#sec3.4}
----------------------------------------

The rotational diffusion of MT is also encoded in the ^1^H^N^--^1^H^N^ NOESY spectrum of fully perdeuterated, amide-protonated protein. In particular, the ratios of the sequential cross-peak to diagonal peak intensity, *I*~*i*±1~/*I*~d~, prove useful for this purpose. Growth of NOE cross peaks decreases with mixing time, making the buildup of NOE intensity nonlinear in the region where high intensity cross peaks are obtained. On the other hand, diagonal intensity decreases with mixing time. As a consequence, the ratio of diagonal to cross peak intensity remains close to linear over a much wider range of mixing times than the cross-peak buildup itself ([Supporting Information text; Figure S6A](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03116/suppl_file/ja9b03116_si_001.pdf)). Importantly, our 4D NOESY spectrum of this sparse ^1^H spin system provides well-resolved access to both the diagonal and the cross peaks and provides a simple alternative to recent work aimed at making the relation between NOE and interproton distance more quantitative.^[@ref56]^

The buildup of NOE cross peak intensities between protons *i* and *j* is proportional to the ^1^H--^1^H cross-relaxation rate, σ~*ij*~. This rate, σ~*ij*~, is a function of (a) the overall rotational diffusion tensor of the helix, (b) the internuclear H~*i*~--H~*j*~ distance, and (c) the angle of the H~*i*~--H~*j*~ internuclear vector relative to the long axis of the helix. In addition, an order parameter ***S***~HH~^2^ that accounts for internal motion of the H~*i*~--H~*j*~ internuclear vector scales σ~*ij*~. The NOESY spectrum was recorded using a long mixing time (0.25 s) to ensure adequate signal/noise of the cross-peak intensities. Its cross-peak intensities then can be readily compared to those calculated for an idealized α-helix ([Supporting Information text](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03116/suppl_file/ja9b03116_si_001.pdf)). Spin-diffusion effects were accounted for by including cross-relaxation involving seven sequential spins in the simulations of the cross-peak intensities. For a mixing time of 250 ms, the calculation using the above derived diffusion tensor yields a value of *I*~*i*±1~/*I*~d~ = 0.33, in fair agreement with experimentally observed ratios of 0.26 ± 0.03 for residues E6--K63 ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03116/suppl_file/ja9b03116_si_001.pdf)). The result that the calculated value is somewhat larger than that measured is attributed to internal motions, that is, ***S***~HH~^2^ \< 1, similar to what is found for the N--H order parameter. The experimentally observed decrease in *I*~*i*±1~/*I*~d~ ratios as residue positions recede from the center of the helix ([Figure S6B](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03116/suppl_file/ja9b03116_si_001.pdf)) closely parallels the behavior of ^15^N *R*~2~ and ***S***^2^ ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}C,E). Although for MT, the decrease in sequential ^1^H^N^--^1^H^N^ NOE when approaching the terminal regions is foreshadowed by the ^15^N relaxation analysis, ignoring that the increased amplitude of backbone dynamics results in only very small distance errors: a 20% decrease in ^1^H^N^--^1^H^N^ NOE leads to an overestimate of *r*~HH~ by as little as 0.1 Å. The low degree of sensitivity of interproton distance to internal dynamics can be seen as a strength but also poses challenges when aiming to derive quantitative dynamic information from a joint structural and dynamical analysis of NMR data,^[@ref57]^ an issue that also has resulted in much debate regarding the quantitative analysis of RDCs in terms of dynamics.^[@ref45],[@ref58]^

Backbone Amide Hydrogen Exchange {#sec3.5}
--------------------------------

Exchange of a protein backbone amide hydrogen with solvent (HX) requires that it is not involved in a H-bond. For a protein, where H-bonds transiently break due to dynamic fluctuations, the ratio of the rate at which an amide exchanges with solvent and that rate in a disordered short peptide of the same linear sequence (intrinsic HX rate) is commonly interpreted as quantitative information about the fraction of time the H-bond is broken.^[@ref59]^ The inverse of this ratio is often referred to as the protection factor, *P*. We have measured the hydrogen exchange rates at two temperatures, at a pH value of 7.8 where most of the exchange rates fall in the 0.5--20 s^--1^ range, which allows for their convenient and accurate measurement using the WEX-III TROSY hydrogen exchange experiment ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}A).^[@ref36]^ Measured *P* values fall in the range of 15--150 for residues A7--I65, and somewhat lower values closer to the ends of the SAH domain ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}B). Consistent with the ^15^N relaxation data, the RDCs, and the ^3^*J*~HNHα~ couplings, protection factors less than two for residues E4--E6 and Q66--E68 indicate that the amide hydrogens of these residues are less than 50% of the time engaged in α-helical H-bonds. The amide of A7 (*P* ≈ 15) is expected to make an α-helical H-bond to the carbonyl oxygen of Q3, and the HX measurements therefore indicate that the helix initiates at Q3, and terminates at I65 (*P* ≈ 3), with increased internal dynamics near the termini of this SAH region.

![Backbone amide hydrogen exchange of the MT domain in 20 mM sodium phosphate, 2 mM EDTA, pH 7.8. (A) HX rates as a function of residue number at 20 °C (black) and 30 °C (red). (B) HX rates converted to protection factors, *P*, by dividing them by the corresponding intrinsic exchange rate number at 20 °C (black) and 30 °C (red). (C) Correlation graph between the hydrogen exchange rates at 20 and 30 °C. The slope of the correlation, when excluding the outlying, labeled terminal residues, is 4.5. For amides that are not H-bonded, the expected slope is 2.5.](ja-2019-03116j_0007){#fig7}

A caveat regarding the precise interpretation of *P* values is that they are referenced to random coil values, which only account for the residue type of the amide considered and that of its preceding neighbor while ignoring the effect of more distant residues. Considering the substantial effects of nearby charged groups on the local OH^--^ concentration, which dominates the HX rates at the near-neutral pH used in our study, uncertainty in the actual intrinsic HX rates may impact the true *P* values by non-negligible amounts. A second, and potentially even larger problem with using intrinsic, random coil HX rates as the reference for the not H-bonded state could result from the fact that the newly solvent-exposed amide at a transient break in an α-helix then is situated at the N-terminus of a newly formed α-helical fragment. The large electric dipole moment of this fragment elevates the electrostatic potential at the position of its solvent-exposed N-terminal amide, thereby increasing the OH^--^ concentration and the associated rate of base-catalyzed HX. Thus, it is possible that the solvent exchange rate of transiently exposed amides is considerably higher than the intrinsic HX rates in short, unstructured peptides. Our experimentally measured rates provide some support for this hypothesis as the residue-by-residue variation along the sequence is far smaller than the variation in the protection factor, *P* ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}).

The temperature dependence of the HX rates has been widely used to probe the nature of the unfolding process in globular proteins.^[@ref60]^ For MT, a plot of HX rates measured at 20 °C versus those at 30 °C ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}C) shows a remarkably linear correlation for all but the terminal residues, with a slope of 4.5, considerably larger than the factor of 2.5 that applies for the intrinsic HX rate.^[@ref59]^ Only the residues near the ends of the SAH domain of MT, specifically E5--A7 and D61--I65, show a ratio intermediate between the random coil value of 2.5 and the factor of ca. 4.5 observed for the other SAH residues.

For a global unfolding process, an increase in temperature or denaturant concentration is expected to result in the same fractional change of the measured HX rates,^[@ref60]^ consistent with what we observe for MT. At first sight, this result therefore suggests that the unfolding of the MT domain is highly cooperative. Frequently, *P* is interpreted as an apparent difference in free energy, Δ*G*~*i*~, between the H-bonded and open, HX-prone state of H-bond *i*: Δ*G*~*i*~ = *RT* ln(*P*). The apparent activation energy for OH^--^ catalyzed HX, as applies at the near neutral pH used in our study, corresponds to 71 kJ/mol,^[@ref59]^ and is responsible for the ratio of 2.5 in intrinsic HX rate, that is, those not involved in intramolecular H-bonds. The 4.5/2.5 = 1.8-fold larger ratio yields a total activation energy of 113 kJ/mol, which represents the sum of the activation energies for breaking the H-bonds plus intrinsic HX, or an activation energy of ca. 42 kJ/mol for generating the exchangeable, non-H-bonded state. This activation energy for unfolding is comparable to what is seen for several small proteins, and together with the observation that the temperature dependence of the H-bond opening is highly uniform indeed could point to a high degree of cooperativity in the folding of the SAH domain.

However, the observation that the HX rates scale with temperature in a uniform manner across nearly the entire SAH region of the MT domain does not mean that opposite ends of the SAH region are directly coupled in the transient unfolding process that enables HX. Considering that the sequence is relatively uniform in its composition, one might expect relatively homogeneous behavior of the temperature dependence of backbone amide exchange. On the other hand, the absence of significant variations on a smaller scale, where sequence composition differences are much more pronounced ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A), suggests that, at a minimum on this smaller length scale, there is a substantial degree of cooperativity in the unfolding of such regions.

Persistence Length from Paramagnetically Induced RDCs {#sec3.6}
-----------------------------------------------------

A key question in the functioning of the myosin-VI MT focuses on a quantitative understanding of whether this domain has sufficient stiffness to function as a lever arm extension. For this purpose, it is important to have an unambiguous measurement of its persistence length, *L*~P~. By treating an SAH domain as a worm-like chain, comparisons between observed and predicted small-angle X-ray scattering (SAXS) patterns have been used to provide experimental bounds on *L*~P~*.* However, such measurements are also impacted by the structural model used for the SAH domain, which in some cases included significant kinks.^[@ref9]^ Interpretation of SAXS data in terms of a *L*~P~ value becomes more unambiguous once the contour length of the helix (ca. 1.5 × *N* Å, where *N* is the number of residues in the helix) is larger than *L*~P~, a condition that does not apply for myosin-VI MT. SAXS measurements on the much longer Kelch SAH domain (196 residues) yielded a definitive *L*~P~ = 150 Å for this domain, a value consistent with the conclusion of a relatively rigid MT domain in myosin-VI, drawn from optical trapping experiments.^[@ref21]^ However, we note that there are considerable deviations from the canonical ER/K sequence pattern near the midpoint of the Kelch SAH domain, which could reduce its stiffness relative to myosin-VI MT. We therefore set out to provide a more direct measurement of the *L*~P~ of MT by measurement of its RDCs under paramagnetically induced alignment.

As first demonstrated by Bertini and co-workers for calmodulin,^[@ref27]^ very weak magnetic alignment of one part of a molecule, introduced by a tightly bound paramagnetic lanthanide ion with a substantial magnetic susceptibility anisotropy, will transfer to other parts of a molecule if rigidly linked, but in an attenuated manner if the linker is flexible. This approach represents a uniquely quantitative, nonperturbing method for measuring both the average orientation and the degree to which a remote domain is ordered relative to the domain that is directly aligned by the paramagnetic ion.

In our study, we used the DOTA-M8 tag introduced by Haussinger and co-workers,^[@ref26]^ which very tightly chelates lanthanide ions and can be conveniently attached to any surface-exposed cysteine. For MT, which lacks native cysteines, we chose residue I13 for mutation to cysteine, thereby minimally impacting the salt-bridges that stabilize the SAH domain, while causing the strongest alignment to be close to one end of the helix. Importantly, the ^1^H and ^15^N chemical shifts for residues more than two turns of helix away from the I13C mutation site are not affected by the sequence change ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03116/suppl_file/ja9b03116_si_001.pdf)). Even the chemical shift perturbations for residues directly contacting the mutation site (*i* ± 1, *i* -- 3, *i* + 4) are modest in size, indicating that the mutation leaves the helical structure intact. When tagging with the paramagnetic Tm lanthanide ion, strong paramagnetic relaxation broadening of protons within ca. 15 Å of the lanthanide ion makes them unobservable in TROSY-HSQC spectra. However, residues starting from R24 and beyond are sufficiently intense that ^1^H--^15^N RDCs can be reliably measured ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}A).

![Analysis of ^1^D~NH~ RDCs, collected at 900 MHz for I13C MT, aligned by the DOTA-M8-Tm tag,^[@ref26]^ attached to Cys-13. (A) RDCs collected at 20 (blue) and 35 °C (red). Amides of residues Q3--R23 could not be observed due to paramagnetic broadening. The superimposed sinusoids correspond to the dipolar wave pattern^[@ref42]^ expected for an idealized α-helix, multiplied by a decaying exponential function with a decay constant of 49.75 (blue) or 36.63 (red) residues. (B) Local alignment strength (*D*~a~) as a function of residue number, *N*. Alignment tensor values, extrapolated to Cys-13, are listed in [Table S8](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03116/suppl_file/ja9b03116_si_001.pdf). Exponential fits to the decreasing *D*~a~ values (solid lines) yield persistence lengths of 149 and 110 residues at 20 and 35 °C, respectively. *D*~a~ values that are not used for the exponential fits are plotted as open circles; fitted exponential curves are 23.06 × exp\[(−(*i* -- 13)/49.75\] Hz and 17.54 × exp\[(−(*i* -- 13)/36.63\] Hz, where *i* is the residue number, and fitted rmsd errors are 0.8 and 0.9 Hz at 20 and 35 °C, respectively.](ja-2019-03116j_0008){#fig8}

For calculating the relation between persistence length and the degree of alignment, as reflected in the magnitude of the local alignment tensor, we follow Spudich and co-workers and consider the SAH domain to be a worm-like chain.^[@ref21]^ In this model, the angle β~*n*~ of the helical axis at the position of residue *n* randomly deviates from its orientation at *n* = 0, and follows the equation:where *L*~P~ is the persistence length in units of helical rise per residue (∼1.5 Å). RDCs between nuclei *i* and *j* in a rigid molecule are described by^[@ref61]^where *r*~*ij*~ is the distance between *i* and *j*, *D*~a~ is the strength of the alignment, *R* is its rhombicity, and θ and φ are the polar angles of the *i*--*j* vector in a frame where the alignment tensor is diagonalized. As shown in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03116/suppl_file/ja9b03116_si_001.pdf), dynamic disorder such as found in a worm-like chain model causes scaling of the RDCs at position *n* with ⟨*P*~2~(cos(β~*n*~))⟩, where *P*~2~(*x*) is the second-order Legendre polynomial:For diffusive motion around a symmetry axis, such as applies to the worm-like chain, only the *D*~a~ term in [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} is impacted and scales with ⟨*P*~2~(cos(β~*n*~))⟩. The decrease in apparent *D*~a,*n*~ as a function of residue position, *n*, in the MT domain ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}B) is then derived from the paramagnetic ^1^*D*~NH~(*n*) of residue *n*, by the scale factor needed to match it to the value predicted by an alignment tensor whose *D*~a~ and *R* values are obtained from a singular value decomposition (SVD) fit^[@ref61]^ to the paramagnetic ^1^*D*~NH~ RDCs measured for residues R24--E45 of the MT structure. As described above, this MT structure was determined from RDCs measured in Pf1 alignment medium. The result of the SVD fit of the paramagnetic RDCs then represents a first-order approximation for the average paramagnetic alignment of R24--E45, neglecting the effect of differential motional averaging of the RDCs across the segment. The paramagnetic RDCs deviate substantially from those measured in Pf1, as exemplified by the large dipolar wave amplitude ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}A), but fit fairly well to the structure derived from RDCs measured in Pf1 ([Figure 9A](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03116/suppl_file/ja9b03116_si_001.pdf)), even while ignoring the increased orientational spread when moving away from the paramagnetic tagging site.

The decrease in alignment strength when moving away from the paramagnetic tagging site corresponds to ⟨*P*~2~(cos(β~*n*~))⟩, and a fit of these data to a monoexponential function then yields the persistence length, *L*~P~ = 150 ± 7 residues, or 224 ± 10 Å, at 20 °C, and *L*~P~ = 110 ± 6 residues, or 165 ± 9 Å, at 35 °C ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}B). When upscaling the experimental paramagnetic RDCs by the inverse of this exponentially decaying function, their SVD fit to the MT structure is remarkably good, all the way to residue R64 ([Figure S8B](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03116/suppl_file/ja9b03116_si_001.pdf)). When viewing the time averaged structure, R64 therefore may be considered the last residue of the SAH domain, even while measurements of HX rates and ^15^N relaxation indicate an increased degree of transient H-bond opening and rapid internal motion when approaching this end of the helix.

Concluding Remarks {#sec4}
==================

Prior work has provided compelling evidence for the pivotal role of ionic interactions between the side chains of Glu residues with those of Arg and Lys, which group in patterns of roughly four like-charged residues in SAH domains.^[@ref1],[@ref62]^ A very recent NMR study of the SAH domain of murine myosin-VIIA highlights the dynamic character of such ion pair interactions, adding a substantial favorable entropic component to the remarkable stability of SAH domains, and explaining the difficulty in obtaining high-resolution X-ray structural information, in particular for their side chains.^[@ref11]^ Our study extends and complements that work by providing the high-resolution backbone structure of an SAH domain, unconstrained by lattice packing forces or long-range intramolecular interactions, and globally defined by RDCs. The latter is critical as the absence of long-range NOEs and the strictly local information contained in chemical shifts result in the accumulation of uncertainty regarding the global structure of an SAH domain. Our results differ somewhat from the previous analysis of SAXS data of the myosin-VI MT domain, which suggested the presence of two oblique but distinct kinks in its SAH domain.^[@ref22]^ However, it has also been noted that the presence of such kinks is difficult to distinguish from random deviations in a straight helix by SAXS data, and that SAXS data can only become an unambiguous reporter for the persistence length when the helix length becomes comparable to or larger than *L*~P~, a situation where dynamic bending significantly impacts the end-to-end distance of such helices.^[@ref21]^ By collecting three different types of backbone RDCs, we were able to unambiguously evaluate the structural features of MT. Remarkably, after correcting the RDCs for the increased amplitude of backbone dynamics by amounts derived from ^15^N relaxation, the data fit remarkably well to an idealized, perfectly straight α-helix. The *Q*-factor, which provides a quantitative measure for the quality of the fit, then equals 15.6%, that compares favorably to what is typically seen when fitting RDCs to high-resolution X-ray structures. For example, fits of the same three types of backbone couplings to the 1.8 Å X-ray structure of ubiquitin yielded *Q* ≈ 18%, which dropped to 12% when fitting the RDCs to a set of 15 independently determined ubiquitin X-ray structures, each solved at a resolution ≤1.8 Å.^[@ref58]^ Refinement of the MT domain by using the experimental RDCs, corrected for ^15^N dynamics, reduces the cross-validated free *Q* factor to 12.9% ([Table S3](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03116/suppl_file/ja9b03116_si_001.pdf)). This observation confirms that, although deviations from a straight, idealized α-helix are detectable in the MT SAH domain, the magnitude of these deviations is remarkably small ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}D).

In our study, we adopted the traditional, sequential mode of studying the structure and dynamics of MT. In principle, carrying out the two types of analyses simultaneously could be advantageous.^[@ref57],[@ref63]−[@ref65]^ However, it then becomes difficult to separate uncertainty in structure from uncertainty in dynamics, which in some cases has led to widely divergent conclusions, even for a simple model system.^[@ref45],[@ref58]^ For MT, the exceptional high quality of the RDC fit to the coordinates of an idealized helix validated the accuracy of its local structure, then enabling the study of its motional characteristics in a subsequent step.

As implied by the virtual absence of chemical shift changes between pH 6.3 and 7.8 ([Figure S3C](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03116/suppl_file/ja9b03116_si_001.pdf)), the structure is essentially independent of pH over this range. Base-catalyzed HX at pH 8.9 is found to scale relative to pH 7.8 approximately linearly with \[OH^--^\] ([Table S6](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03116/suppl_file/ja9b03116_si_001.pdf)), and chemical shifts remain minimally impacted, suggesting that the structure and stability of MT extends well into this basic range. The RDCs measured for the paramagnetically aligned MT domain at pH 6.3 and 7.0 are indistinguishable within experimental uncertainty ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03116/suppl_file/ja9b03116_si_001.pdf)), indicating that the persistence length is also not measurably impacted by pH at near physiological values.

Previously, the gradual nature of the melting of an SAH domain upon increasing temperature, as observed by CD spectroscopy, has been interpreted as evidence for noncooperative unfolding of SAH domains,^[@ref9]^ consistent with the spring-like behavior seen in single-molecule pulling experiments.^[@ref6]^ While the highly uniform temperature dependence of our hydrogen exchange data at first sight seems to be at odds with these prior interpretations, we note that for the SAH domain of myosin-VI, the hydrogen exchange data can only be interpreted as indicative of local cooperativity: The average sequence composition varies very little along the MT sequence, and the absence of a difference in temperature dependence of the HX-rates of, for example, the N-terminal quarter of the SAH domain relative to the C-terminal quarter does not mean that these well-separated regions unfold cooperatively. However, the virtual absence of local variation in the temperature dependence of the HX rates, even at locations where the ER/K pattern is disrupted by alternate residue types, implies that, locally, the backbone H-bonding is highly cooperative, even more so than is seen in regular non-SAH α-helices.^[@ref66],[@ref67]^ This result appears consistent with a minimum-length requirement of ca. 16 residues for the formation of SAH helices seen in the early synthetic peptide work of Kallenbach and co-workers.^[@ref7]^ In this respect, it is interesting to note that the local parameters for secondary structure, including ^3^*J*~HNHα~, Δδ^13^C^α^, and the HX rates, show evidence of decreased helicity starting at residue R58, whereas the RDC-refined structure indicates that, on average, the helix continues for nearly two full turns beyond this point. This result suggests that the absence of helical residues beyond E64 impacts the H-bond stability several turns earlier in the helix.

Use of the paramagnetic tagging to magnetically align one end of the MT domain while observing the decrease in alignment when moving away from the tagging site provides a uniquely sensitive method for measuring the persistence length of the SAH domain in a very benign manner. The magnetic alignment forces, exerted by the paramagnetic tag, are 3 orders of magnitude weaker than *kT* and therefore can be considered nonperturbing. The high precision at which the strength of local alignment can be measured from RDCs provides a unique and highly sensitive probe for detection of the local ordering as a function of distance from the tagging site. Our measurements for MT yielded a persistence length, *L*~P~ = 224 ± 10 Å, that is ca. 50% longer than that reported for the 196-residue Kelch SAH domain.^[@ref21]^ However, considering that this latter domain contains substantial deviations from the canonical ER/K motif, this moderate difference in persistence length is perhaps not surprising.

As noted by Spudich and others,^[@ref1],[@ref3],[@ref15],[@ref21],[@ref68]^ SAH domains are ideally suited to function as rods for designing proteins with optimized interdomain spacing. An alternate application could be their use as flexible springs, linking two sites of a molecule or molecular complex and thereby creating a physical force.^[@ref69],[@ref70]^ If the two SAH termini were connected by intrinsically unfolded peptide sequences to two sites on a target protein, the entropic component of partially ordering these linkers also would serve as a mechanical force.^[@ref71]^ The size of SAH helices is sufficiently small that adding such elements to a protein or protein complex will not be prohibitive for recording high-quality NMR spectra, thereby enabling the study of mechanical strain induced in a system at atomic resolution by isotropic solution NMR spectroscopy. Such experiments can provide an atomic resolution complement to single molecule pulling experiments and are currently being explored in our laboratory.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/jacs.9b03116](http://pubs.acs.org/doi/abs/10.1021/jacs.9b03116).Relaxation analysis, structure calculations, and additional data ([PDF](http://pubs.acs.org/doi/suppl/10.1021/jacs.9b03116/suppl_file/ja9b03116_si_001.pdf))
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